In secretory carrier membrane proteins (SCAMPs), the most conserved structural segment is between transmembrane spans 2 and 3, facing the cytosol. A synthetic peptide, CWYRPIYKAFR (E peptide), from this segment of SCAMP2 potently inhibits exocytosis in permeabilized neuroendocrine (PC12) cells. E peptide blocked discharge of 35 S-labeled secretogranin with the same structural selectivity and potency as observed for hexosaminidase secretion in mast cells. SCAMPs 1 and 2 are concentrated primarily on intracellular membranes in PC12 cells. Both, however, are found on plasma membranes, but neither is present on large dense-core vesicles. Yet, large dense-core vesicles marked by secretogranin attach to plasma membranes at foci containing SCAMP2 along with syntaxin1 and complexin at putative cell-surface docking/fusion sites. Regulated overexpression of SCAMP2 with point mutations in its E peptide but not of normal SCAMP2 caused dose-dependent inhibition of depolarization-induced secretion. The SCAMP2 mutants also inhibited secretion stimulated by elevated calcium. Inhibition was largely overcome by adding lysophosphatidylcholine to the medium at concentrations that do not otherwise affect secretion. Although overexpression of normal or mutant SCAMP2 slightly inhibits endocytosis, this effect does not appear to be related to the specific effect of the mutant SCAMP on stimulated exocytosis. Thus, SCAMP2 not only colocalizes with fusion sites but also appears to have an essential function in granule exocytosis through actions mediated by its E peptide-containing domain.
INTRODUCTION
In the field of intracellular trafficking, it is now widely believed that fusion among membranes at their cytoplasmic surfaces is achieved by linking soluble N-ethylmaleimidesensitive factor attachment protein (SNAP) receptor (SNARE) proteins between the partner membranes, which then drive the merger of associated bilayers by formation of stable SNARE complexes (McNew et al., 2000) . Although analysis of these events using purified and reconstituted SNARE proteins has provided strong support for the possibility that the SNAREs represent the minimum machinery required for fusion (Weber et al., 1998; Parlati et al., 1999; McNew et al., 2000) , several studies have suggested that other proteins support the fusion of biological membranes in ways that are complementary to the function of SNAREs. For example, certain proteins act in facilitating linkage of SNAREs (Sato and Wickner, 1998; Betz et al., 2001; Voets et al., 2001) , whereas others promote assembly of SNARE oligomers or stabilize the primed state, which may be essential for the ensuing fusion (Littleton et al., 2001; Reim et al., 2001; Tokumaru et al., 2001; Chen et al., 2002) . It remains questionable, however, whether SNARE complexes are sufficient for formation and stable expansion of aqueous pores that complete the fusion event. Indeed, studies of vacuole fusion in yeast have suggested that SNARE complexes may act together with a vacuolar transporter complex to facilitate assembly of an intermembrane proteolipid complex (containing the V 0 portion of vacuolar ATPase) and its subsequent function in formation and expansion of fusion pores (Peters et al., 2001; Muller et al., 2002) . These findings are complemented by recent reports implying a rate-limiting role of VAMP2/SNARE complexes proximal to final fusion and demonstrating function of synaptotagmins in regulating fusion pore expansion (Schoch et al., 2001; Wang et al., 2001) .
We have been studying the role of secretory carrier membrane proteins (SCAMPs) in membrane trafficking. These integral membrane proteins with four transmembrane spans are conserved across animal and plant kingdoms and are widely distributed among membranes of the cell-surface recycling system, including secretory organelles and endosomes (Brand et al., 1991; Brand and Castle, 1993; Laurie et al., 1993; Hubbard et al., 2000) . Although they were not originally recognized to be present at significant levels in the plasma membrane, SCAMPs were recently detected in plasma membranes of CHO and NRK cell lines (our unpublished data) and are colocalized with the SNAREs SNAP-23 and syntaxin4 in the mast cell surface (Guo et al., 2002) . Since their discovery, the function of SCAMPs has remained elusive, although two studies now point to their possible participation in membrane fusion. First, mast cells from mice in which the gene for SCAMP1 was ablated appear to have a defect in forming stabilized fusion pores during exocytosis (Fernandez-Chacon et al., 1999) . Second, exocytosis is blocked at a very late step by a peptide (known as E peptide) (Hubbard et al., 2000) that is thought to compose part of the functional domain of SCAMP2 (Guo et al., 2002) . Although these observations are quite interesting, the gene knockout study has not provided direct evidence that SCAMP1 is involved in exocytosis and has acknowledged the possibility that absence of this SCAMP could either impair exocytosis or accelerate endocytosis. In addition, even though the blockade of exocytosis by E peptide of SCAMP2 exhibited impressive sequence specificity and the sequence is unique to SCAMP, the direct relationship of the perturbations to the function of SCAMP2 was not assessed.
In the present study, we have provided a link between the inhibition of secretion by E peptide and the function of SCAMP2 in exocytosis using the rat pheochromocytoma (PC12) cell line, in which E peptide blocks large dense-core vesicle release. We have shown that SCAMP2 is concentrated at putative docking/fusion sites for large dense-core vesicles at the cell surface, and point mutants of full-length SCAMP2 within the E peptide segment exhibit a dose-dependent dominant-inhibitory effect on exocytosis when overexpressed in tetracycline-regulated cells. The data imply a function of SCAMP2 late in exocytosis that is manifest from its location in the plasma membrane rather than from an association with the secretory granule.
MATERIALS AND METHODS

Materials
Doxycycline (dox), poly-d-lysine, and phorbol dibutyrate were from Sigma (St. Louis, MO); calcium ionophore A23187 was from Calbiochem (San Diego, CA). Lysophosphatidylcholine (LPC; ␣-palmitoyl) was from Avanti, Inc. (Birmingham, AL). All SCAMP peptides were synthesized, purified, and analyzed by high-performance liquid chromatography and mass spectroscopy at the University of Virginia Biomolecular Research Facility. Monoclonal antibody (mAb) 9E10 against the myc epitope was obtained as described , and rabbit anti-human growth hormone was provided by Dr. A. Parlow, National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases. Mouse monoclonal antibodies to syntaxin1 (HPC1) and complexin were obtained from Sigma and BD-Biosciences Transduction Laboratories (Lexington, KY), respectively. Rabbit anti-secretogranin II was from Biodesign International (Saco, ME); portions of this antibody were biotinylated using NHS-biotin (Pierce Endogen, Rockford, IL) according to the manufacturer's instructions. Rabbit antisyntaxin1 antibody was obtained from Synaptic Systems (Gö ttingen, Germany), and anti-SNAP25 was previously described (Guo et al., 1998) . Fluorescence-labeled secondary antibodies and neutravidin conjugates were from Molecular Probes (Eugene, OR); rat transferrin (Sigma) was covalently labeled with Alexa 594 by use of a kit supplied by the manufacturer (Molecular Probes).
125 I-goat anti-rabbit IgG was from NEN (Boston, MA), Life Science Products. Goat anti-rabbit IgG conjugated to 5-nm gold was from EY Laboratories (San Mateo, CA). Rabbit anti-SCAMP1 (1) was described previously , and anti-SCAMP2 (2) against a synthetic peptide (C)FSQGIFSSRTFHR of SCAMP2 conjugated to keyhole limpet hemocyanin was raised at Covance (Denver, PA)and affinity-purified on peptide covalently linked to Sulfolink (Pierce Endogen). Enzyme-linked immunosorbent assay (ELISA) kits for assay of human growth hormone were from Roche Molecular Biochemicals (Hertfordshire, UK). LipofectAmine Plus was from Life Technologies (Paisley, UK), pTRE2 plasmid from Clontech (BDBiosciences, Palo Alto, CA), and cDNA encoding human growth hormone (hGH) inserted in pXGH5 from Nichols Institute Diagnostics (San Clemente, CA).
Cell Culture, Transfection, and Tetracyclineregulated Expression of SCAMP2 Constructs
Rat pheochromocytoma PC12 cells were a gift of Dr. Sam Green (University of Virginia), and tetracycline-regulated PC12 cells (tetoff) were obtained from Clontech. Both were cultured at 37°C and 10% CO 2 in DMEM containing 10% horse serum (Hyclone, Logan, UT), 5% fetal bovine serum (Clontech). Tet-off PC12 cells were plated (1 ϫ 10 6 cells/well) in poly-d-lysine coated 6-well dishes and incubated overnight in serum-containing medium followed by 2 h in serum-free DMEM. For cotransfection with hGH and SCAMP2, duplicate or triplicate wells received 2 g pXGH5, 2 g pTRE2 (either empty vector or vector containing N-myc-tagged, full-length wild-type or mutant SCAMP2 DNA), and LipofectAmine Plus according to the manufacturer's instructions. After 6 h, 2 ml of DMEM with serum and antibiotics was added. Various levels of expression of SCAMP2 constructs were obtained by adding dox (2 g/ml) at the indicated times after beginning the transfection and continuing incubation to 72 h in the presence of dox.
To determine the level of expression of SCAMP2 polypeptides, the cells were lysed in 0.5% NP-40, 0.1% deoxycholate (DOC) in PBS containing protease inhibitors, and clarified lysates were subjected to SDS-PAGE, Western blotting with anti-SCAMP 2, followed by 125 I-labeled secondary antibody and phosphorimager analysis using Image Quant software. N-myc tagged SCAMP is readily resolved from untagged SCAMP2, allowing quantification of exogenous and endogenous protein. The level of overexpression was calculated by correcting for the transfection efficiency, which was evaluated from immunofluorescence experiments.
Perturbation of Exocytosis in Permeabilized and Intact PC12 Cells
PC12 cells were incubated overnight in 24-well plates in DMEM containing 250 Ci/ml [ 35 S]Na 2 SO 4 (DuPont/NEN), washed, and chased 90 min at 37°C. The labeled cells were rinsed once in ice-cold Na-GB buffer (137 mM Na-glutamate, 2 mM MgCl 2 , 20 mM PIPES, pH 6.8, 1 mg/ml BSA) and incubated 15 min on ice in 3 U/ml streptolysin-0 (SLO) in Na-GB. After replacement of the medium with Na-GB, the cells were warmed to 37°C for 3 min and then returned to ice. The medium was replaced with ice-cold K-GB (K-glutamate replacing Na-glutamate in GB) containing 1 mM ATP and either 3 mM EGTA (control) or 3 mM Ca-EGTA (pCa 5; stimulated) and supplemented (or not) with SCAMP peptides. After 30 min on ice, the samples were warmed for 10 min at 37°C to elicit secretion. After incubation, media and resuspended cells were precipitated with 10% trichloroacetic acid, and pellets were extracted with cold acetone, solubilized in sample buffer, and subjected to SDS-PAGE. Fixed gels were dried and analyzed by phosphorimaging using Image Quant software to evaluate fractional discharge of 35 S-labeled secretogranin. Transfected PC12 cells expressing hGH and different levels of SCAMP2 polypeptide were assayed for hGH secretion essentially as described previously (Chung et al., 1999) . At 72 h after transfection, the wells were washed with low-K ϩ buffer (in mM: 5.6 KCl, 145 NaCl, 2.2 CaCl 2 , 0.5 MgCl 2 , 15 HEPES, pH 7.4, 5.6 glucose) and then incubated in succession (10 min each incubation) with low-K ϩ buffer and high-K ϩ buffer (in mM: 56 KCl, 95 NaCl, 2.2 CaCl 2 , 0.5 MgCl 2 , 15 HEPES, pH 7.4, 5.6 glucose). LPC was included in some incubations in either low-or high-K ϩ buffer to test its effect on unstimulated and depolarization-induced secretion. After incubation, the cells were lysed 10 min on ice in NP-40 buffer containing protease inhibitors, and clarified supernatants were used along with the secretions for assay of hGH by ELISA. As an alternative to stimulation by depolarization, transfected cells were stimulated in low-K ϩ buffer containing calcium ionophore A23187 (0.5 M) and phorbol dibutyrate (0.1 M). Both drugs were dissolved in dimethyl sulfoxide, which was present at a final concentration of 0.001% during incubation. This level of solvent neither enhanced nor inhibited unstimulated or stimulated secretion (our unpublished results).
Mutagenesis and Cloning of SCAMP2 cDNA
Recombinant DNA encoding full-length SCAMP2 with an NH 2 -terminal myc epitope tag was constructed by PCR using SCAMP2 cDNA cloned into the EcoRI and XhoI sites of BlueScript SK Ϫ , pBS (Stratagene, La Jolla, CA). Mutations within the E peptide segment of N-myc-SCAMP2 were generated by sequence overlap extension PCR using overlapping pairs of primers that encode both base pair changes (Ho et al., 1989) . Two mutations were used. In mutant A, the N-terminal cysteine in the E peptide segment (CWYRPIYKAFR) was changed to A, and in mutant B, the subsequent tryptophan was changed to A. The 5Ј to 3Ј primers of the pairs were mutant A: 5Ј-TTCCTTGCTTGGTACCGA-3Ј and mutant B: 5Ј-TTCCTTTGT-GCGTACCGA-3Ј. Mutations were confirmed by sequencing (University of Virginia Biomolecular Research Facility), and cDNAs were subcloned into pTRE2 using the NheI and SalI sites.
Cell Fractionation and Immunolabeling of PC12 Cells and Plasma Membrane Sheets
Purification of large dense-core vesicles from PC12 cells was performed by a previously published procedure (Stinchcombe and Huttner, 1994) with minor modifications. Cells from two or three 15-cm plates were scraped and transferred to 0.27 M sucrose plus protease inhibitors and homogenized by 20 passes through a chilled ball bearing homogenizer (0.0004-in clearance). The resulting homogenate was cleared of large organelles and subjected to successive velocity and equilibrium centrifugations as prescribed, and 0.45-ml fractions of the final gradient were used for chloroformmethanol extraction and SDS-PAGE/Western blotting. Antigens were detected by enhanced chemiluminescence or with 125 I-labeled secondary antibodies and phosphorimaging.
For immunofluorescence, PC12 cells were plated on poly-d-lysine-coated coverslips. Intact cells were fixed 15 min with 3% formaldehyde, permeabilized 5 min in PIPES-buffered PBS, 0.05% saponin, and then incubated 10 min in PBS, 10 mM glycine and 30 min in PBS, 1% goat serum. Alternatively, cells were chilled on ice and then briefly sonicated (single pulse) to prepare plasma membrane sheets. The sonication medium was either 25 mM HEPES, pH 7.0, 25 mM KCl, 2.5 mM magnesium acetate, 0.2 mM dithiothreitol (Hussain et al., 1999) or 20 mM HEPES, pH 7.2, 120 mM K-glutamate, 20 mM K-acetate, 10 mM EGTA, 2 mM Mg-ATP, and 0.5 mM dithiothreitol (Lang et al., 2001) . After fixation, washing, blocking, and incubation with primary and secondary antibodies , the specimens were mounted and examined in a Zeiss microscope. Most images were collected in 0.1-m stacks and were digitally deconvolved using OpenLab software.
To examine the distribution of SCAMP in the plasma membrane of PC12 cells at the electron microscopic level, we immunolabeled sheets of plasma membrane that had been ripped away from the upper cell surface after adsorption to polylysine-coated electron microscope grids (Sanan and Anderson, 1991; Wilson et al., 2000) . The cells cultured on polylysine-coated coverslips were washed in chilled buffer (in mM: 20 HEPES, pH 7.2, 120 K-glutamate, 20 K-acetate, 10 EGTA, 2 Mg-ATP, 0.5 dithiothreitol), adsorbed to the grids with light pressure, and torn manually by use of a forceps to lift the grids. After a brief wash in the same buffer, the samples were fixed for 15 min in 3% formaldehyde, blocked with 5% goat serum in PBS, and immunostained with anti-SCAMP 2 (in 5% goat serum, PBS) and goat anti-rabbit antibody conjugated to 5 nm colloidal gold (diluted 1:20 from the commercial stock in 5% goat serum in PBS). Subsequent processing through osmium tetroxide, tannic acid, and uranyl acetate was carried out as described (Wilson et al., 2000) .
Transferrin Uptake
To examine the effect of exogenous SCAMP2, PC12 cells expressing myc-tagged SCAMP2 (wild-type or mutant) were incubated 1 h in serum-free medium and then for 5 min at 37°C in the presence of 20 g/ml Alexa 594 -labeled transferrin. The cells were then fixed and processed for microscopy, and both nontransfected and transfected (myc-stained) cells were assessed for concentration of fluorescent transferrin in perinuclear recycling endosomes. Images of cells were recorded without digital processing.
RESULTS
E Peptide Inhibits Stimulated Exocytosis in Permeabilized PC12 Cells
Recently, we demonstrated that synthetic E peptide corresponding to a portion of the short cytoplasm-facing segment linking the second and third transmembrane spans of SCAMP2 is a potent and sequence-specific inhibitor of exocytosis in permeabilized mast cells (Guo et al., 2002) . The apparently unique association of the peptide segment with SCAMPs and the colocalization of SCAMPs with selected SNARE proteins at the mast cell surface suggested a possible role of SCAMP2 in exocytotic membrane fusion. However, the inability to easily transfect and culture highly differentiated mast cells was an obstacle to testing SCAMP2 function more directly. To complement these observations and to overcome the limitations in experimental approach, we examined whether E peptide inhibited regulated secretion in neuroendocrine PC12 cells, in which expression of mutant SCAMPs would be possible. PC12 cells were labeled with [ 35 S]sulfate, and the discharge of 35 S-labeled secretogranin from large dense-core vesicles was tested after SLO permeabilization, equilibration with peptide, and stimulation with buffered 10 M Ca 2ϩ . As shown in Figure 1 , E peptide from SCAMP2 (CWYRPIYKAFR) strongly inhibited secretion. In contrast, the corresponding peptide from SCAMP1 (G replacing K 8 ; L 6 replacing I 6 ) and two structural variants of SCAMP2 E peptide (A replacing C 1 ; AA replacing W 2 Y 3 ) had little or no inhibitory effect. Autoradiographs included in Figure 1A illustrate the effect and also show that unstimulated secretion is not affected by any of the peptides. Halfmaximal inhibition by SCAMP2 E peptide occurred at ϳ15 M ( Figure 1B) . Thus, the sequence specificity and potency of inhibition are the same as in mast cells (Guo et al., 2002) .
Distribution of SCAMPs 1 and 2 in PC12 Cells
We conducted a series of studies to examine the localization of SCAMPs 1 and 2 in PC12 cells with particular interest in the extent to which the distribution of SCAMP2 reiterated or differed from that characterized in other cell types, especially mast cells (Guo et al., 2002) . By immunofluorescence, both SCAMPs 1 and 2 are observed in foci throughout the cytoplasm and extending to the borders of the cells, consistent with a primary localization to endosomes and other recycling organelles. However, the distribution of secretogranin II (SG), a marker of large dense-core vesicles, was largely distinct (Figure 2, A and B) . This observation immediately raised the question of whether the two SCAMPs are significant components of granule membranes. Notably, at occasional points near the cell periphery, the patterns of SG and SCAMP2 staining were similar, and their overlap in a merged image seemed likely ( Figure 2B ). To address the presence or absence of SCAMPs 1 and 2 in the granules more directly, we purified the granules by subcellular fractionation and compared the distributions of the SCAMPs and SG across gradient fractions by Western blotting. As shown in Figure 2C , SCAMPs 1 and 2 (and also 3) were concentrated together in low-density fractions, with negligible amounts codistributing with SG. Thus, surprisingly and in contrast to mast cells and other regulated secretory cell types that we have examined previously (Brand et al., 1991; Guo et al., 2002 ; our unpublished observations), SCAMPs 1 and 2 do not seem to be significant components of secretory granule membranes in PC12 cells.
The absence of significant amounts of SCAMP2 in large dense-core vesicles yet its apparent overlap with SG at the cell periphery suggested possible colocalization with docked granules. To examine this possibility with minimal interference from SCAMP-containing intracellular organelles, we prepared plasma membrane sheets by light sonication of cells cultured on polylysine-coated coverslips and doublelabeled them with antibodies to SCAMP2 and SG. As seen in the fluorescence micrographs in Figure 2D , SCAMP2 was indeed present throughout the surface in small foci, and the majority of the SG staining, marking large dense-core vesicles associated with the sheets, overlapped the SCAMP staining significantly. To confirm that the population of SCAMP2 observed on the plasma membranes was indeed in the cell surface, we carried out immunogold labeling on plasma membrane sheets prepared by adhering polylysinecoated electron microscope grids to the upper cell surface and ripping away from the rest of the cell. As seen in Figure  2E , immunogold particles representing SCAMP2 appeared in multiple discrete clusters within the surface, which were nearly always restricted to patches that were more intensely stained in the images. In a few instances, we visualized surfaces on which attachment of large dense-core vesicles appeared to have been preserved, and gold particles were present near the attachment sites ( Figure 2E ). We were unable to discern whether SCAMP2 was concentrated directly beneath the granules. When the primary anti-SCAMP2 antibody was omitted, labeling of the membrane surfaces was insignificant and appeared primarily in the form of occasional solitary gold particles ( Figure 2E, control) .
The overlap of SCAMP2 and SG on plasma membrane sheets and apparent association with sites of granule attachment ( Figure 2D ) seemed reminiscent of the association of large dense-core vesicles with foci of syntaxin1 at sites of exocytosis on PC12 cell plasma membranes (Lang et al., 2001) . Consequently, we wondered to what extent SCAMP2 might be localized to prospective docking/fusion sites. To examine this possibility, we conducted triple labeling on the plasma membrane sheets prepared by sonication using rabbit anti-SCAMP2, mouse monoclonal anti-syntaxin1, and a biotinylated rabbit antibody against SG. The results are shown in Figure 3 . Comparison of the individual labeling patterns and the tricolor overlay shows that there is significant colocalization of SCAMP2 with large dense-core vesicles and syntaxin1. Because the intensities of the three colors were not usually matched to give white spots, we quantified the distributions of SCAMP2 and SG foci (Figure 3, E and F) . Strikingly, 70% of SCAMP2 was colocalized with SG or with SG together with syntaxin1, whereas 85% of SG localized either with SCAMP2 alone or together with syntaxin1. These findings strongly suggest that SCAMP2 is present at sites at which large dense-core vesicles dock at the plasma mem- brane and especially at sites at which these granules are likely to undergo syntaxin1-mediated fusion. We have confirmed the association of SG-containing large dense-core vesicles with SCAMP foci in the plasma membranes using double labeling with anti-SG and anti-SCAMP mAb 7C12 (data not shown).
Colocalization of Complexin with SCAMP2
To evaluate further the close proximity of the plasma membrane portion of SCAMP2 to the fusion machinery of regulated exocytosis, we compared the distributions of SCAMP2 and complexin. Most studies of complexin have focused on its role in synaptic vesicle exocytosis, in which it binds and stabilizes synaptic SNARE complexes in supporting the final fusion event (Pabst et al., 2000; Reim et al., 2001; Tokumaru et al., 2001; Chen et al., 2002) . Because the same SNAREs act in large dense-core vesicle exocytosis in PC12 cells (Chen et al., 1999; Lang et al., 2001) , we assumed that complexin might have an analogous role in rapid granule fusion and would be concentrated at fusion sites. As shown in Figure 4 , A-C, complexin is extensively colocalized with SCAMP2 on plasma membranes of PC12 cells. Quantification of immunostained foci on three different membrane sheets indicated that complexin and SCAMP2 were fully overlapped (or nearly so) on 85% of the foci and exhibited closely apposed staining on 5% of the foci, with 8 and 2% of foci showing staining for SCAMP2 and complexin alone, respectively. These results strongly support the view that SCAMP2 is colocalized with cell-surface fusion machinery.
As a control for the specificity of the colocalizations observed on the plasma membrane sheets, we compared the distribution of SCAMP2 with the transferrin receptor. Figure  4 , D-F, shows that there is little overlap of SCAMP and receptor staining. The distributions of SCAMP2 and the GPI-anchored protein Thy1 were also compared, but as already shown for syntaxin1-Thy1 comparative staining (Lang et al., 2001) , the abundant diffuse Thy1 staining was not concentrated with SCAMP2 (our unpublished observations).
Overexpression of Normal and Mutated Versions of Full-Length SCAMP2 in PC12 Cells
Having established that E peptide of SCAMP2 blocks large dense-core vesicle release and that a portion of SCAMP2 is concentrated at prospective granule docking/fusion sites, we addressed the role of SCAMP2 in exocytosis using overexpression of mutants of the full-length polypeptide. We hypothesized that if E peptide were part of the functional domain of SCAMP, overexpression of dysfunctional SCAMP2 mutated in the E peptide, but not normal SCAMP2, would inhibit regulated exocytosis by competitively binding to other essential components of the exocytotic machinery. Using tetracycline-regulated (Tet-off) PC12 cells, we compared the effects of two mutations within the E peptide segment of the N-myc-tagged full-length SCAMP2 with the effects of N-myc-tagged normal (wild-type) SCAMP2 and of mock transfection with the empty pTRE2 vector. The two mutations were C3 A (mutant A) and W3 A (mutant B) within the E peptide segment (see MA-TERIALS AND METHODS). In each case, the cells were cotransfected with cDNA encoding hGH, and the expressed hormone was used to assay secretion in the transfected cells. After transfection, dox was added at different times to generate a variety of levels of overexpression (relative to endogenous SCAMP2), and incubation was continued to 72 h. In two independent experiments in which dox was administered at 48 h, immunofluorescence microscopy showed that 12% of total cells were transfected with each myc-tagged SCAMP. Of the myc-SCAMP-expressing cells, 40 -50% also expressed hGH, and ϳ20% of transfected cells expressed hGH alone. To address the localizations of expressed proteins, we compared the distribution of each myc-tagged SCAMP2 to SG ( Figure 5 ). In general, the exogenous 
SCAMP2 (normal or mutant) exhibits a distribution that is
quite similar to what is observed for endogenous SCAMP2 in nontransfected cells ( Figure 2B ). The nuclear envelope/ rough endoplasmic reticulum is unstained, indicating that the exogenous SCAMPs passed quality control. Also, none of the exogenous SCAMPs affected the distribution of SG. Large dense-core vesicles accumulate beneath the plasma membrane, and overexpression did not lead to enhanced costaining of these granules by the SCAMPs. The latter was also true when dense-core vesicles were discharged by depolarization before transfection to accelerate granule turnover (our unpublished observations).
Dose-dependent Inhibition of Depolarizationinduced Exocytosis in PC12 Cells by Mutant SCAMP2
The effects of different levels of expression of exogenous SCAMP2s on secretion are presented in Figure 6 . In preliminary experiments, we added dox at different times after transfection to validate that regulated expression of each exogenous SCAMP2 was achieved ( Figure 6A ) and to select time points that would provide comparable levels of expression of each construct. We then carried out several independent experiments in each of which replicate cell samples were transfected in parallel with DNAs encoding wild-type SCAMP2, mutants A (C3 A) and B (W3 A), or empty pTRE2 vector and in all cases with DNA encoding hGH. For each sample, the levels of endogenous and exogenous myctagged SCAMP2 were quantified by Western blotting, and secretion of hGH, initially in low-K ϩ medium and subsequently in high-K ϩ medium, was quantified by ELISA. As shown in Figure 6B , expression of myc-tagged wild-type SCAMP2 at levels up to 50-fold higher than endogenous SCAMP2 had very little effect on high K ϩ -stimulated secretion compared with cells transfected with empty pTRE2. In contrast, mutants A and B both exhibited clear dose-dependent inhibition of regulated secretion that reached a maximal extent of 70%. In the case of mutant A, inhibition was apparent at 30-fold overexpression and was near maximal at 50-fold overexpression (on the basis of comparison with 120-fold overexpression; data not shown). Mutant B was much more potent, showing detectable inhibition at 1.6-fold overexpression and near-maximal inhibition at fivefold or greater overexpression.
To check whether inhibition of secretion by the mutants of SCAMP2 was accompanied by a change in the kinetics of secretion, we compared the time courses of hGH discharge in response to K ϩ depolarization over a 10-min period. As shown in Figure 6C , inhibition by either mutant occurred outright, without any change in the rate of secretion.
Finally, to assess whether inhibition of secretion by overexpression of mutants A and B might reflect interference with molecular events of exocytosis that are manifest at the plasma membrane, we tested whether addition of LPC to the medium would rescue depolarization-driven hGH release. LPC, an inverted cone-shaped lipid, has been identified as a transbilayer fusogen in model systems (Chernomordik et al., 1998) , and its addition to yeast expressing geranylgeranylated SNAREs was able to partially overcome a late block in exocytosis (Grote et al., 2000) . Initially, we conducted a titration and established that concentrations of LPC Ͻ20 M had no effect on hGH secretion from unstimulated cells. Subsequently, five separate experiments were performed using 15 M LPC, a level similar to that used previously to perturb exocytosis in mammalian cells (Chernomordik et al., 1993) , to check its effect on both unstimulated and stimulated secretion. As expected, LPC had no effect on unstimulated secretion (low-K ϩ medium; Figure 6D , right). Furthermore, LPC had no effect on K ϩ -stimulated secretion of hGH by cells transfected with pTRE2 or myc-tagged wild-type SCAMP2. However, the treatment reversed the inhibition caused by overexpression of mutant A by 75% and of mutant B by 65% ( Figure 6D, left) . The level of restoration exceeds that obtained in yeast (Grote et al., 2000) .
Mutant B of SCAMP2 Also Blocks Exocytosis Stimulated by Calcium Ionophore and Phorbol Ester
Exocytosis of large dense-core vesicles in PC12 cells in response to depolarization requires influx of extracellular calcium through plasma membrane channels (e.g., Taylor and Peers, 1999) . Thus, it is possible that overexpressed mutant SCAMP might block exocytosis indirectly by interfering with calcium delivery and that addition of LPC reverses inhibition at this level rather than more distally. To evaluate 
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Vol. 13, December 2002 this possibility, we bypassed depolarization-driven calcium influx and used calcium ionophore A23187 and phorbol ester (phorbol dibutyrate) to elevate intracellular calcium and stimulate secretion. We compared the discharge of hGH from cells expressing wild-type SCAMP2 and mutant B at levels comparable to those used in Figure 6D . As shown in Figure 6E , secretion stimulated by ionophore and phorbol ester in cells expressing wild-type SCAMP2 was slightly more robust than secretion stimulated by depolarization. However, expression of mutant B inhibited secretion by both types of stimuli to the same extent. Thus, the inhibition of ionophore/phorbol ester-stimulated secretion by mutant B argues that its perturbation is downstream of calcium delivery.
Effects of Exogenous SCAMP2 on Endocytosis
Because SCAMPs are concentrated in membranes of the endocytic pathway (Brand and Castle, 1993; Wu and Castle, 1998) , another manner in which exogenous SCAMPs might alter exocytosis indirectly is by perturbing the trafficking of membrane proteins that are part of the exocytic machinery during endocytosis and recycling. Indeed, it was shown previously that robust transient overexpression of SCAMP1 decreases uptake of transferrin in Cos cells . To check whether a similar perturbation might occur after tet-regulated overexpression of SCAMP2 in PC12 cells, we examined the endocytosis of fluorescently labeled transferrin in cells expressing comparable levels (approximately fivefold overexpression) of wild-type SCAMP2 and mutant B (Figure 7) . We found that neither wild-type nor mutant forms of SCAMP2 blocked endocytosis outright; however, both appeared to decrease uptake and concentration of transferrin in recycling endosomes, with mutant B showing a stronger effect than wild-type. Notably, the level of the inhibitory effect seemed to be variable from cell to cell, Figure 6 . Tet-regulated expression of myc-tagged SCAMP2 and its mutants in PC12 cells and dose-dependent inhibition of depolarization-induced secretion of hGH. (A) Western blots with anti-myc antibody 9E10 illustrating the change in expression of exogenous SCAMP (mutant A used as an example) when dox is added at specified times after transfection. (B) Plot of hGH secretion (percentage of total) stimulated by depolarization (F, OE, ) or unstimulated (E) as a function of the level of expression (LOE) of exogenous SCAMP2 relative to endogenous SCAMP2. Secretion of hGH was determined by ELISA. Mock transfection (pTRE vector) is shown at zero LOE with 42% hGH secretion (32% net stimulated). The data are compiled from eight independent transfection experiments. Error bars indicate the range obtained when independent experiments resulted in the same LOE relative to endogenous. (C) Time course of depolarization-induced hGH secretion by PC12 cells that had been transfected with pTRE2 vector, wild-type SCAMP2, mutant A, or mutant B. Samples of tet-regulated PC12 cells cotransfected in duplicate with cDNAs encoding hGH and either empty pTRE2 vector (mock), wildtype (wt) SCAMP2, mutant (mut) A, or mutant B were treated with 2 g/ml dox at times that achieve comparable levels of expression. At 72 h after transfection, the samples were used to assay the rate of secretion at 2-min intervals. High-K ϩ medium was added at 0 min to initiate depolarization. (D) Addition of LPC to the medium substantially overcomes the inhibition of secretion caused by overexpression of SCAMP2 mutants A and B. Samples of tet-regulated PC12 cells cotransfected in duplicate with cDNAs encoding hGH and either wild-type SCAMP2, mutant A, or mutant B were treated with 2 g/ml dox at times that achieve comparable levels of expression. At 72 h after transfection, the samples were incubated 10 min in low-K ϩ medium and then 10 min in high-K ϩ medium in the absence or presence of 15 M LPC, and the media and cell lysates were assayed for hGH by ELISA and expressed as percentage of total. The results are from five independent experiments. For hGH unstimulated secretion (right), the results for mutant A are plotted as an example. For wild-type SCAMP2, the results are identical; for mutant B, hGH unstimulated secretion is 14.5 and 12% for 0 and 15 M LPC, respectively. Error bars indicate mean Ϯ SEM. (E) Overexpression of mutant B inhibits secretion of hGH stimulated by a combination calcium ionophore A23187 and phorbol dibutyrate. Samples of tet-regulated PC12 cells were cotransfected with cDNAs encoding hGH and either wild-type SCAMP2 or mutant B and were induced exactly as in D. Duplicate samples in three independent experiments were incubated 10 min in low-K ϩ medium (with or without dimethyl sulfoxide, the solvent for A23187 and phorbol dibutyrate; data with dimethyl sulfoxide shown) and then 10 min in either low-K ϩ medium with 0.5 M A23187 and 0.1 M phorbol dibutyrate (PDBu) or high-K ϩ medium. Media and cell lysates were assayed for hGH, and results are expressed as in D. Unstimulated secretion of hGH was 12-15% of total in all cases. probably reflecting differences in the level of expression of exogenous SCAMP2, but the variations were generally limited in that they fell within the range of variation in uptake of transferrin by nontransfected cells (see Figure 7 , B and F). Thus, our results indicate that expression of exogenous SCAMP2 potentially could have indirect and negative effects on exocytosis. We suspect, however, that such effects are unlikely to be a major source of the perturbation that we have observed, for two reasons. First, endocytic trafficking is only slowed and not fully inhibited. Second, the levels of plasma membrane-associated t-SNAREs, syntaxin 1 and SNAP25 are not noticeably perturbed by expressing exogenous SCAMP2, especially mutant B (Figure 8) .
DISCUSSION
The present studies have shown that SCAMP2 is partially localized to the plasma membrane, where it is concentrated at docking/fusion sites in neuroendocrine PC12 cells, and that it is quite likely to participate in the final events of large dense-core vesicle exocytosis. In combination with our findings made with permeabilized mast cells (Guo et al., 2002) and evidence that this SCAMP is broadly expressed in various cell types (Singleton et al., 1997) , the observations suggest a general role of SCAMP2 in regulated granule exocytosis. Furthermore, because SCAMP1 may act in exocytosis and endocytosis (Fernandez-Chacon et al., 1999 and E peptides of other SCAMPs inhibit secretion (although some not as well as E peptide of SCAMP2) (Guo et al., 2002) , the results suggest that SCAMPs collectively may function in cytoplasmic membrane fusion, either individually or collaboratively.
Whereas previous characterization of SCAMPs focused on their principal localization on vesicular carriers within the cell-surface recycling system, we have now shown quite clearly that some SCAMP2 is also present in the plasma membrane. From other studies in progress, it is apparent that this is a general feature of mammalian SCAMP isoforms that holds in multiple types of mammalian cells and cell lines (our unpublished results). Moreover, the evidence presented in this study strongly points to function of SCAMP2 in vesicular trafficking from sites that are in the plasma membrane (Figures 3, 4, and 6 ). Notably, concentration on intracellular membranes and function at the cell surface are characteristics of other four-transmembrane-spanning proteins (Maeker et al., 1997) . Thus, we are inclined to refine previous functional implications stemming from the presence of SCAMPs in vesicular carriers. These SCAMPs might serve within the carriers as targets for vesicle-to-vesicle fusion (as in compound exocytosis) or sites of vesicle budding and fission (in analogy to endocytosis). Alternatively, the SCAMPs may be in transit to sites at which they serve these roles. Interestingly, SCAMPs appear as foci distributed throughout much of the cell surface (Figures 2-5 ). Because the foci include multiple gold particles as viewed by immunoelectron microscopy (Figure 2) , we believe that they represent microdomains in which the SCAMPs are concentrated in the form of homomultimeric or heteromultimeric complexes. Indeed, there is mounting evidence that SCAMPs multimerize (Brand and Castle, 1993; Castle, 1997, 1998 ; our unpublished observations).
We believe that our experiments have achieved one of the initial goals of the study, which was to relate the inhibitory effects of E peptide on exocytosis to the role of SCAMP2. The sequence is critical to its ability to block exocytosis at a very late step as a free oligopeptide (Figure 1) (Guo et al., 2002) and to support exocytosis in the full-length protein ( Figure  6 ). It seems especially striking that two different single amino acid changes create versions of full-length SCAMP2 that serve as dominant secretory inhibitors when expressed at levels below those at which nonmutated SCAMP2 has no effect. Moreover, dose-dependent inhibition by mutants A and B suggests a possible competition with endogenous SCAMP2 in which mutant B is especially effective at blocking endogenous function. Apparently, even subtle structural changes in the short linker between the second and third transmembrane spans are sufficient to compromise the function of SCAMP2 or key interactions that are critical to other secretory machinery at the membrane interface. Although the dose-dependent inhibition is quite striking, it is curious, first, that the effective inhibitory dose differs so greatly for mutants A and B and second, that maximal inhibition achieved for both mutants is ϳ70%. If SCAMP2 functions in a multimeric or complexed state, as suspected, it is possible that the W3 A mutation has a much greater effect on the assembled SCAMP unit than the C3 A mutation does and that the latter requires incorporation in greater copy number to be disruptive. The incomplete inhibition can be explained in large part by the presence of cells that express hGH but not exogenous SCAMP2: ϳ20% of the hGH-positive cells by immunofluorescence. The remaining 10% is not explainable at this time. As shown in Figure 6C , residual secretion observed in the presence of mutant SCAMP proceeds at the same rate as in the absence of mutant. This finding suggests that overexpression has not rendered an earlier step in stimulus-secretion coupling as rate limiting. Furthermore, it is distinguished from that observed in the SCAMP1 knockout, in which the rate was decreased because of a slowdown in formation of stable fusion pores (Fernandez-Chacon et al., 1999) . We attempted to increase the extent of inhibition by depolarizing PC12 cells before transfection in case the turnover of secretory machinery might increase equilibration of exogenous SCAMP into the endogenous pool. However, this strategy had no effect (our unpublished observations). Perhaps exogenous and endogenous SCAMP2 may not be fully interchangeable even if their distributions are very similar, or there may be partial compensation for defective SCAMP2 by other SCAMP isoforms, including SCAMP1.
What do our findings indicate about the role of SCAMP2 in the secretory event? The localization at docking/fusion sites for large dense-core vesicles and correlation between the inhibitory effects of synthetic E peptide and overexpressed mutant protein lead us to favor a direct role of SCAMP2 in exocytosis. Furthermore, the observation that exogenous LPC immediately relieves the inhibition imposed by the point mutants simultaneously supports our focus on the E peptide segment, the late role of SCAMP2 in membrane fusion, and a plasmalemmal site of action. However, because our study focuses on the dominant inhibitory effects of a membrane protein that is both overexpressed and con- centrated primarily in intracellular membranes, we have considered alternative and less direct explanations for the perturbations that we have observed on secretion. In particular, we have addressed the possibilities that mutated but not wild-type SCAMP2 might interfere with calcium influx across the plasma membrane that is essential to depolarization-induced exocytosis or might cause cumulative defects in recirculation of exocytotic machinery (especially SNARE proteins) within endosomes during tet-regulated expression. In both cases, the less direct actions do not explain the inhibitory effects we have observed. Overexpressed mutant B blocks secretion of hGH when calcium ionophore and phorbol ester are combined as an exocytotic stimulus ( Figure  6E ), whereas modest interference with endocytic trafficking is a common effect of overexpressing mutant B or wild-type SCAMP2 (Figure 7) . Although mutant B appears to reduce transferrin uptake somewhat more strongly than wild-type SCAMP2, in neither case are the distributions of plasmalemmal SNARE proteins noticeably altered (Figure 8) .
Despite the potential caveats raised by the effects of SCAMP2 overexpression on endocytosis and the possible more broadly ranging actions of LPC, we believe that our data generally support a direct role of SCAMP2 in exocytosis involving its E peptide segment. If this is indeed the case, we speculate that SCAMP2 may contribute to forming the final fusion pore between the granule interior and the extracellular space. The highly conserved E peptide segment may serve as a binding site at the cytoplasmic interface within the broadly conserved membrane core of the full-length protein (Figure 2A) , which is the functional unit. The propensity of SCAMPs to multimerize in vitro and in situ and their accumulation in membrane foci ( Figure 2E ) suggest further that any contributions (direct or indirect) to exocytosis are likely to involve the membrane cores of multiple SCAMPs, all bearing E peptide segments.
Interestingly, the function of SCAMP in expediting fusion at the cytoplasmic surface may be shared by other tetraspan proteins (Kitani et al., 1991; Fleming et al., 1997) and related proteins that facilitate exoplasmic fusion (Heiman and Walter, 2000 ; for review, see White and Rose, 2001 ) and by structurally similar proteins that function in cytoplasmic fusion events in yeast: Got1p and Sft2p in endoplasmic reticulum-Golgi and Golgi-endosome transport, respectively (Conchon et al., 1999) and V 0 proteolipid oligomers in homotypic vacuole fusion (Peters et al., 2001) . Missing at present, however, are the identities of SCAMP interaction partners, especially among the established exocytotic machinery. To date, there are no reports of direct binding of SCAMPs to SNAREs or other proteins, such as synaptotagmin, Munc18, and complexin, that have been implied to function in the final stages of exocytosis (Carr et al., 1999; Fisher et al., 2001; Reim et al., 2001; Tokumaru et al., 2001; Voets et al., 2001; Wang et al., 2001 ), although it was recently possible to detect coimmunoprecipitation of SNAP23 and SCAMPs 1 and 2 in mast cells (Guo et al., 2002) . More direct examination of the function and binding partners of SCAMP is the subject of ongoing studies.
